Proteogenomics is an interdisciplinary research field combining proteomics, transcriptomics, and genomics with the aim of delineating protein-coding regions in genomes, thereby aiding protein discovery and genome annotation ([@B1], [@B2]). Such strategies have identified new variants of proteins, termed proteoforms ([@B3]), which arise from nucleotide polymorphisms ([@B4][@B5]--[@B6]), alternative translation initiation (*i.e.* N-terminal (Nt [^1^](#G1){ref-type="fn"})-proteoforms ([@B7], [@B8])), splicing ([@B5], [@B6], [@B9]), frame-shifts ([@B10]) and post-translational modifications ([@B6]). Proteogenomic strategies vary depending on the experimental data used and the annotation depth of the studied model system ([@B11]). Important for proteomics-driven proteogenomics are customized protein databases that allow for more accurate protein identification using tandem mass spectrometry (MS/MS) data, thereby leading to the refinement of protein-coding gene segments and the discovery of novel gene products. In Arabidopsis, previous proteogenomic studies reported on the use of a protein sequence database based on six-frame translation (6-FT) of the entire genome ([@B12], [@B13]), which was searched in parallel with *ab initio* predicted genes in case of Castellana *et al.* ([@B12]). Overall, these efforts resulted in the reclassification of 99 pseudogenes into protein-coding genes, next to the refinement of existing gene structures in the TAIR9 genome release ([@B12][@B13]--[@B14]).

Besides 6-FT or genome-based gene prediction, OMICS data can also aid in the rational design of customized protein databases ([@B2], [@B15]). By providing direct evidence of *in vivo* protein synthesis, the sequencing of ribosome-protected mRNA fragments by ribosome profiling (ribo-seq) serves such a purpose. In eukaryotes, ribosomes can be specifically halted at translation initiation sites (TIS) using initiation-specific translation inhibitors (*e.g.* lactimidomycin and harringtonine; [@B16], [@B17]). By depleting for elongating ribosomes, this approach allows mapping of the translation initiation landscape and, concomitantly, ORF delineation ([@B16][@B17]--[@B18]). We previously used such ribo-seq data to generate customized databases for MS/MS searches, resulting in the identification of proteoforms initiating at near-cognate start sites, N-terminally truncated and extended proteoforms, translation products of upstream ORFs as well as previously unannotated proteins ([@B8], [@B19][@B20]--[@B21]).

Whereas shotgun proteomic data have been primarily used for proteogenomic studies, data originating from subproteome analysis have proven to be resourceful as well. For instance, a peptidomic workflow that enriches for small proteins and peptides was used for the discovery of protein-coding small ORFs in human ([@B22], [@B23]). In Arabidopsis, a proteogenomic study ([@B12]) made use of enriched phosphopeptides as these often originate from low abundant proteins that can be absent in shotgun proteomics data ([@B24]). Further, positional proteomics, enriching for peptides holding protein N termini that can be considered as proxies of translation initiation, has been used for discovering and refining protein-coding gene structures in mouse and human cells ([@B8], [@B18][@B19]--[@B20]), as well as in bacteria ([@B25][@B26]--[@B27]) and archaea ([@B28], [@B29]). Previously, we presented PROTEOFORMER, a tool which allows for the creation of protein sequence databases for proteomics-based identification based on translation initiation data obtained by ribosome profiling ([@B8]). All TIS identified by ribo-seq can then be matched with Nt-proteomics data ([@B8], [@B18], [@B19]) to improve protein identification rates.

Although entire genome translation databases are criticized because they suffer from the "needle in the haystack" problem ([@B2], [@B20], [@B30]), especially in the case of eukaryotes, a rationalized reduction of database size benefits the sensitivity for identifying novel peptides or proteins ([@B2], [@B30]). Here, we constructed an Nt peptide database tailored for searching Nt-proteomics data and permitting genome-wide searches for TIS without causing a drastic increase in the peptide search space. After applying data and feature dependent selection criteria, several newly identified N termini were confirmed by ribosome profiling data and other types of supportive metadata.

EXPERIMENTAL PROCEDURES
=======================

### 

#### A. thaliana Cell Suspension Cultures

*A. thaliana* cell suspension cultures ecotype Landsberg erecta (Plant Systems Biology-Light, Arabidopsis Biological Resource Center stock CCL84841) were cultured as described ([@B31]). The cells were subcultured every week in fresh medium at a 1:10 dilution in 500 ml conical flasks and shaken at 125 rpm at 25 °C in an orbital shaker under continuous light (50 μE). Two days after subculturing, cell suspensions were harvested for ribosome profiling or proteomics analyses as described below.

#### N-terminal COFRADIC and LC-MS/MS Analyses

For Nt-COFRADIC analysis, 50 ml of cell suspensions at an 1--2% packed cell volume (PCV) were collected on a Whatman® membrane filter with nylon pore size 0.45 μm using sintered glass filtration, followed by a ice-cold PBS wash. Collected cells were subjected to snap freezing in liquid nitrogen and frozen cell pellets were ground into a fine powder using a liquid nitrogen cooled pestle and mortar. The frozen powder was thawed in 10 ml ice-cold buffer (50 m[m]{.smallcaps} sodium phosphate pH 7.5, 100 m[m]{.smallcaps} NaCl and 1 × cOmplete™, EDTA-free protease inhibitor mixture (Roche, Basel, Switzerland), left on ice for 10 min and the mixture was subjected to one additional cycle of freeze-thawing. Cell debris was eliminated by centrifugation at 16,000 × *g* for 15 min at 4 °C. The supernatant was recovered and the protein concentration determined using the DC Protein Assay Kit from Bio-Rad (Munich, Germany). For all proteome analyses performed, 3 mg of protein material (corresponding to about 1 ml of lysate) was subjected to Nt-COFRADIC analysis as described previously ([@B32]) however, in the case of the endoproteinases Glu-C, Asp-N, and chymotrypsin digests, no strong cation exchange (SCX) pre-fractionation was performed. In one of the two tryptic replicates, the SCX prefractionation was omitted. enable the assignment of *in vivo* Nt-acetylation events, prior to digestion, all primary protein amines were blocked using an *N*-hydroxysuccinimide ester of ^13^C~2~D~3~-acetate. Proteomes were digested overnight at 37 °C using mass spectrometry grade trypsin (enzyme/substrate of 1/100, w/w; Promega, Madison, WI), chymotrypsin (1/60, w/w; Promega), endoproteinase Glu-C (1/75, w/w; Thermo Fisher Scientific, Bremen, Germany) or endoproteinase Asp-N (1/200, w/w; Promega) while mixing at 550 rpm. The resulting peptide mixtures were enriched for N-terminal peptides by diagonal chromatography as part of the actual COFRADIC sorting procedure. More specifically, in between two identical reverse-phase peptide separations, internal peptides are reacted with 2,4,6-trinitrobenzenesulfonic acid (TNBS), rendering them more hydrophobic and thereby causing them to shift away from the unmodified N-terminal peptides during the second chromatographic separation. By the addition of H~2~O~2~ to a f.c. of 0.5% for 30′ at 30 °C, a methionine oxidation step was also introduced between the first RP-HPLC separation and the series of secondary RP-HPLC separations, thereby shifting all methionine-containing Nt-peptides to earlier elution times allowing their enrichment ([@B33]).

The obtained fractions enriched for protein N termini were introduced into an LC-MS/MS system; the Ultimate 3000 (Dionex, Amsterdam, The Netherlands) in-line connected to an LTQ Orbitrap XL mass spectrometer (Thermo Fisher Scientific) and LC-MS/MS analysis was performed as described previously ([@B34], [@B35]).

#### MS/MS (customized) Database Searches and Data Storage

#### Standard Database Searches

MS/MS peak lists were searched in parallel using three mass spectrometry search engines and with identical parameter settings when possible. A multistage search strategy was used: MS/MS spectra were first searched against the Arabidopsis proteome database (TAIR10, containing 35,386 entries; <http://www.arabidopsis.org/>), and unidentified spectra were used as input for a second MS/MS search against a customized peptide database (see next paragraph).

The search engines used were COMET ([@B36]; version 2016.01 rev. 2), Crux ([@B37]; version 2.1.16866) and MS-GF+ ([@B38]; version 2016.06.29). Mass tolerance on precursor ions was set to 10 ppm and on fragment ions to 0.5 Da. Peptide length was 7 to 40 amino acids. Semispecific enzyme settings adjusted to the enzyme and to the available options were used in the search engines (see [Table I](#TI){ref-type="table"}). ^13^C~2~D~3~-acetylation of lysine side-chains, S-carbamidomethylation of cysteine (+ 57.02 Da) and methionine oxidation to methionine-sulfoxide (+ 15.99 Da) were set as fixed modifications. Variable modifications were ^13^C~2~D~3~-acetylation (+ 47.04 Da) and acetylation (+ 42.01 Da) of peptide N termini. Pyroglutamate formation of Nt-glutamine (- 17.03 Da) was additionally set as a variable modification. Per LC-MS/MS run, the three resulting identification files were parsed and the peptide-to-spectrum matches (PSMs) and their respective scores were obtained. Although for COMET and Crux the cross-correlation score (XCorr) was parsed, in the case of MS-GF+ the expectation value (e-value) was used. The false discovery rate (FDR) was estimated upon searching a concatenated target-decoy database, generated by adding reverted protein sequences to the target database ([@B39]). We used the FDR values as search engine-independent scores to combine results from the different search engines using the combined FDR score method described by Jones *et al.* ([@B40]). Only PSMs with a FDR score ≤ 0.01 for an individual search engine or a combined FDR score ≤ 0.01 across multiple search engines were further considered. To correct for the fact that certain PSM sets shared between search engines do not contain decoy hits for FDR estimation ([@B40]), PSMs are required to have a FDR score ≤ 0.05 for at least one of the individual search engine results.

###### Enzyme specificity settings. For all searches, enzyme specificity was restricted to one terminus (semi-specificity), in case of COMET this could specifically be set to the peptide C-terminus. For COMET and Crux, the respective cleavage syntax used was specified where ↓ denotes cleavage and X represents any amino acid. ^1^Cleavage after Lys is prohibited given the acylated side-chains of Lys upon executing the Nt-COFRADIC protocol ([@B60])

  Sequencing Protease   COMET     Crux      MS-GF+         Missed cleavages
  --------------------- --------- --------- -------------- ------------------
  Trypsin^1^            R↓X       R↓X       ArgC           2
  GluC                  DE↓X      DE↓X      GluC           3
  Chymotrypsin          FWYLM↓X   FWYLM↓X   Chymotrypsin   3
  AspN                  X↓D       X↓D       AspN           3

All mass spectrometry proteomics data and search results have been deposited to the ProteomeXchange Consortium via the PRIDE ([@B41]) partner repository with the data set identifier PXD004896 and project name"N-terminomics Proteogenomics" (<http://ww.ebi.ac.uk/pride/archive/projects/PXD004896>).

#### Customized N-terminal Peptide Database Searches

A 6-FT database of the Arabidopsis genome (TAIR10 release) was created using the "getorf" function from the European Molecular Biology Open Software Suite (EMBOSS, [@B42]). ORFs, delineated by start and stop codons, were required to have a minimum length of 24 nucleotides (*i.e.* leading to at least 8 amino acids). Alternative translation was allowed from "CUG" and "GUG" codons, as besides canonical translation initiation at "AUG," these near-cognate start codons represent commonly used start codons in eukaryotes and are decoded to iMet ([@B43]). In addition, an in-house developed Perl script was used to generate and add shorter protein sequences arising from downstream (AUG) TIS. Besides the 6-FT translation, (spliced) gene models were predicted with Augustus 2.5.5 ([@B44], [@B45]) and corresponding ORFs were delineated. Here, the pre-trained model for Arabidopsis was used, allowing alternative transcript prediction from evidence and probabilistic sampling (100 iterations). All predicted protein sequences were concatenated to the 6-FT translation derived protein sequence database.

Instead of searching full length translated ORF protein sequences, we reduced the search space by filtering out the anticipated protein Nt-peptide sequences using an in-house developed Perl script. First, we extracted all Nt-peptide sequences (8--30 AA in length) of all the *in silico* translated ORFs considering the specificities of the protease used ([Table I](#TI){ref-type="table"}). Note that a maximum peptide length of 30 amino acids was considered as peptides with lengths ≤ 30 amino acids represented the majority (99%) of TAIR10 identified peptides ([supplemental Fig. S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Although no missed cleavages were allowed for the semi-ArgC peptide library, one missed cleavage was allowed for the semi-AspN/GluC/chymotrypsin libraries. According to the rules of initiator methionine (iMet) processing ([@B46]), in case of iMet-starting N termini followed by amino acids with a small gyration radius, Ala, Cys, Gly, Pro, Ser, Thr, or Val, the Nt-peptide sequence with its iMet removed was additionally considered. In the last phase, the peptide library was matched with the TAIR10 proteome and cRAP database (common Repository of Adventitious Proteins, <http://www.thegpm.org/crap/>) and only nonmatching peptides were retained. During peptide sequence matching, no discrimination was made between Ile or Leu given their identical masses. A detailed overview of the number of N termini and corresponding ORF sequences during the construction of the semi-ArgC Nt-peptide library is given in [supplementalFig. S2](http://www.mcponline.org/cgi/content/full/M116.066662/DC1).

For the proteogenomic search, TAIR10 unidentified spectra were re-indexed using an in-house Perl script. Search parameters were almost identical as described above however, enzyme settings were set to no cleavage to enable the identification of only full-length peptides stored in the customized database. Novel peptides with a FDR score ≤ 0.01 were filtered as described for the TAIR10 searches. Importantly, for the customized searches, only PSMs identified by at least two search engines were considered.

#### Ribosome Profiling

For ribosome profiling, 10 ml of cell suspensions at 4% packed cell volume (PCV) were incubated with either 50 μ[m]{.smallcaps} lactimidomycin (LTM; [@B47], [@B48]) or 100 μg/ml cycloheximide (CHX) (Sigma, St. Louis, MI) at 25 °C for 5 and 30 min respectively. Subsequently, cells were collected on a Whatman® membrane filter with nylon pore size 0.45 μm using sintered glass filtration, followed by a wash with ice-cold PBS with 100 μg/ml CHX added. The cells were then subjected to snap freezing in liquid nitrogen and frozen cell pellets (about 400 mg) were ground into a fine powder using a liquid nitrogen cooled pestle and mortar. The frozen powder was re-suspended and thawed in 1.3 ml ice-cold lysis buffer for polysome isolation (10 m[m]{.smallcaps} Tris-HCl, pH 7.4, 5 m[m]{.smallcaps} MgCl~2~, 100 m[m]{.smallcaps} KCl, 1% Triton X-100, 2 m[m]{.smallcaps} dithiothreitol (DTT), 100 μg/ml CHX, cOmplete™, EDTA-free protease inhibitor mixture (Roche), vortexed and left on ice for 10 min with periodical agitation. Lysates were subsequently passed through QIAshredder spin columns (Qiagen, Hilden, Germany) and cell debris was removed by centrifugation at 16,000 × *g* for 10 min at 4 °C. The supernatant was subjected to RNase I (Thermo Fisher Scientific) digestion using 1500 U RNase I (about 200 U per mg of protein). Digestion of polysomes proceeded for 45 min at 25 °C with gentle agitation at 400 rpm and the reaction was stopped by adding 600 U of SUPERase●In™ RNase Inhibitor (Thermo Fisher Scientific). Subsequent steps were performed as described ([@B21]) with minor adjustments. Ribosome protected fragments with sizes ranging from 26--34 nucleotides were extracted from 3 × 20 μg of RNA. Ribosomal RNA derived contaminants were depleted from size-selected and dephosphorylated RNA fragments using magnetic Ribo-Zero™ rRNA Removal Kits for plant leaf tissue (Illumina, San Diego, CA) according to the manufacturer\'s instructions. Samples were amplified by PCR using compatible primers (forward sequencing primer: 5′-AATGATACGGCGACCACCGAGATCTACAC-3′, indexed reverse primer 1: 5′-CAAGCAGAAGACGGCATACGAGATACTGATGTGACTGGAGTTCAGACGTGTGCTCTTCCG-3′ (Forward index (5′→3′) ATCAGT) and indexed reverse primer 2: 5′-CAAGCAGAAGACGGCATACGAGATGTCAGCGTGACTGGAGTTCAGACGTGTGCTCTTCCG (Forward index (5′→3′) GCTGAC). The resulting ribosome-profiling libraries were duplexed (samples treated with the same inhibitor, LTM or CHX, were joined) and the obtained cDNA libraries were sequenced on a HiSeq 200 instrument (Illumina) to yield 50 bp single-end reads.

#### Ribosome Profiling Data Analysis

The by ribosome profiling sequenced reads of the CHX and LTM libraries were processed using PROTEOFORMER ([@B8]). The tool to clip adaptor sequences was set to fastx_clipper and contaminating sequences were eliminated by allowing PROTOFORMER to discard all sequences that align to the *Arabidopsis thaliana* rRNA and tRNA sequences. For the delineation of TIS, the minimum threshold R~LTM~-R~CHX~ was set at 0.03 and a minimum profile coverage of 10 for all TIS categories. All other parameters were set at their default values.

#### MS^2^PIP

The MS^2^PIP prediction server ([@B49]) was used to compute the Pearson correlation coefficient between the theoretical (CID model) and experimental spectra of identified TAIR10 database annotated N-terminal peptides (*i.e.* position 1 or 2) and Nt-peptides identified in the proteogenomic search. Discerning tryptic from nontryptic peptides and different charge states, the median Pearson correlations of the database annotated Nt-peptides were used as thresholds to filter proteogenomic peptides.

#### TermiN*ator3*

To predict the Nt modification status, Termi*N*ator3 (<http://bioweb.i2bc.paris-saclay.fr/terminator3/>; [@B46], [@B50]) was used. As input, the identified peptide sequences containing the iMet were used, and the parameters were set for plant nuclear genomes without leader peptide removal.

#### Protein-level Annotation Resources

The UniProt knowledge base (UniProtKB, <http://www.uniprot.org/>, [@B51]) and Entrez Protein, part of the National Center for Biotechnology Information (NCBI) database (<https://www.ncbi.nlm.nih.gov/protein>) were queried for the novel Nt-peptides. Novel identified Nt-peptides were matched to both resources while making no distinction between the isobaric amino acids Ile and Leu. Besides curated proteins, both resources contain computationally annotated proteins that largely stem from *in silico* translations of deposited nucleotide sequences. For instance, TrEMBL ([@B52]) is a subdivision of UniProtKB that stores 62,333 predicted protein sequences derived from EMBL nucleotide translations (accessed October 2016). In addition, Entrez Protein contains 287,230 protein sequences for *Arabidopsis thaliana*, of which 151,231 originate from *in silico* translations of sequences stored in GenBank ([@B53], accessed October 2016). In addition, to identify protein domains in novel discovered proteoforms or proteins, we used the online InterPro ([@B54]) sequence search (<http://www.ebi.ac.uk/interpro/search/sequence-search>) on default settings.

#### Integrative Genome Browser and Sequencing Data Availability

Ribo-seq sequencing data have been deposited in NCBI\'s Gene Expression Omnibus and are accessible through GEO Series accession number [GSE88790](GSE88790) (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88790>). For visualization, the Arabidopsis TAIR10 genome was loaded in the Integrative Genome Browser (IGV version 2.3.66; [@B55]). Gene annotation from Araport (June 2016, GTF-format), the Augustus predicted gene models (GTF-format) and the identified peptides (BED-format) were loaded as additional tracks.

#### Sequence Conservation

Genome alignments of *Arabidopsis thaliana* to *Arabidopsis lyrata* and *Brassica rapa* were downloaded from EnsemblPlants release 33 (<ftp://ftp.ensemblgenomes.org/pub/plants/release-33/maf/>). The aligned sequence starting from the genomic start codon coordinates of the Nt-peptides was parsed, if present in an alignment block. For the 56 aligned sequences with a near-cognate or canonical start codon, an *in silico* translation was performed using the getorf function from the European Molecular Biology Open Software Suite (EMBOSS, [@B42]). No translation on the reverse strand was considered and the minimum ORF nucleotide size was set to six nucleotides. *In silico* translated proteins were filtered for peptides starting from the conserved start codon and having a minimum length of the Arabidopsis identified peptides, or the first exon in case of a Nt-peptide over-spanning a splice junction.

The TIS sequence context for *A. thaliana* was determined by extracting nucleotide frequencies for −5 to +4 positions of all TAIR10 protein-coding gene models (35,386 entries). After omitting 6,602 redundant start codons, because of alternative transcripts starting from the same TIS, nucleotide frequencies were calculated and plotted (Weblogo, <http://weblogo.berkeley.edu/>; [@B56]). For TIS with a single genomic location (111 out of 117), a TIS sequence context score was calculated using the TAIR10 nucleotide frequencies by the method described by Grzegorski *et al.* ([@B57]). Briefly, TAIR10 nucleotide frequencies of the nucleotides present at the −5 to −1 and +4 positions in a given TIS context are summed up to determine the TIS context score. For the newly identified TIS giving rise to proteins starting with consecutive methionines, only the first start codon was considered.

#### Experimental Design and Statistical Rationale

In total, five Nt-COFRADIC analyses (*i.e.* two tryptic replicates and a single proteome analysis in case of AspN, GluC and chymotrypsin digested samples) were performed with proteomes extracted from *A. thaliana* cell suspension cultures ecotype Landsberg erecta (PSB-L). The focus in this paper lies on peptide and protein identification: in this aspect, the different Nt-COFRADIC analyses were regarded as technical replicates. Further, in the TAIR10 reference searches, 81,340 peptide-spectrum-matches yielded 44,103 N termini originating from 7972 proteins and thus on average, each N terminus was identified by two spectra. Ribo-seq analysis of LTM and CHX-treated cultures was performed on cell culture material that was obtained in parallel.

RESULTS
=======

### 

#### Identification of Protein N-terminal Peptides

Protein Nt-peptides were enriched from Arabidopsis cell culture proteomes by Nt-COFRADIC ([@B32]). Isolated proteomes were digested with either trypsin, chymotrypsin or the endoproteinases GluC or AspN, to increase the chances of identifying Nt-peptides and thus to increase the overall proteome coverage ([@B58], [@B59]). Importantly, Nt-peptides isolated by means of Nt-COFRADIC are readily distinguished from all other peptides as they are *in vivo* or *in vitro* acylated at their alpha-amine. To account for possible Nt-protein processing events, we made use of semispecific enzyme search settings for MS/MS searches ([@B60]), inevitably causing an increase of the peptide search space ([supplemental Fig. S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). To increase the number of identified Nt-peptides, all MS/MS data were searched in parallel with three search engines: COMET ([@B36]), Crux ([@B37]) and MS-GF+ ([@B38]). Results from individual searches were aggregated by calculating the combined FDR score as described by Jones *et al.* ([@B40]).

Peptides reported by individual and multiple search engines (FDR score ≤ 0.01) are shown in [Fig. 1](#F1){ref-type="fig"}. For all four proteases, the combined search results complemented and increased the total number of identifications. Taken together, all PSMs ([supplemental Fig. S4](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)) led to the identification of 50,901 target peptides and 1723 decoy peptides (peptide FDR = 0.03). Overall, MS-GF+ performed the best in terms of identifications for all samples compared with other search engines. The four proteases used showed differences in their cleaving efficiency, reflected by the frequency of missed cleavages observed. As anticipated, trypsin is more efficient (92.6% of peptides had no missed cleavage) than chymotrypsin and endoproteinase GluC, both for which often peptides are identified with higher number of missed cleavages ([@B61]; [supplemental Fig. S5](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)).

![**Number of unique peptide sequences identified for (*A*) trypsin, (*B*) chymotrypsin, (*C*) endoproteinase GluC, and (*D*) endoproteinase AspN digested proteome samples, plotted against different FDR score thresholds (*x* axis).** The combined (red dots) and the individual search engine results are shown (see legend).](zjw0061755670001){#F1}

#### Protein N Termini and Their Modifications

Nt-peptides can be grouped into different classes according to their Nt-modification. Generally, a large portion of Nt-peptides are *in vivo* Nt-acetylated ([@B32]), as this is a ubiquitous co-translational modification in higher eukaryotes ([@B62]). In all our setups analyzed, *in vitro* ^13^C~2~D~3~-acetylation was used ([@B34], [@B35], [@B63]). When only considering Nt-peptides matching a single protein, 28,677 (35.3%) spectra matched *in vitro* Nt-acetylated peptides, whereas 19,686 (24.2%) spectra matched *in vivo* acetylated peptides ([supplemental Table S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Note that the high number (37.9%) of non-Nt-peptides can be explained by the fact that no SCX step pre-enriching for Nt-peptides was used for nontryptic digested samples ([@B63]) and that for one of the two tryptic replicates no SCX pre-fractionation was performed to favor identification of His-containing peptides.

Nt-peptides can also be categorized according to their starting position in protein sequences. Whereas 81% of the *in vitro* Nt-acetylated peptides are located downstream in the corresponding protein sequence, most *in vivo* Nt-acetylated peptides are database-annotated protein N termini (16,590 from 19,686 \[84%\], [supplemental Table S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). This observation is in line with our previous studies reporting on 80 to 90% of TIS-indicative N termini from proteins of higher eukaryotes being *in vivo* Nt-acetylated ([@B64]). Further, Nt-methionine excision (NME) at protein N termini by methionine aminopeptidases (MetAPs) represent an omnipresent co-translational process ([@B46]). NME can be accurately predicted based on a protein sequence by tools such as Termi*N*ator3 ([@B46], [@B50]). An earlier study of protein N-terminal modifications in Arabidopsis demonstrated the NME prediction of Termi*N*ator3 to be highly accurate ([@B65]). This was also the case for our experimentally observed protein N termini, as 21,982 of the 22,090 PSMs (99%) matched the Termi*N*ator3 NME prediction.

#### Generation of a Customized N-terminal Peptide Sequence Database for Proteogenomics in Arabidopsis

For our proteogenomic investigation, we further applied a multistage data analysis strategy. Following the canonical TAIR10 database search, unidentified MS/MS spectra were searched against a customized database. Considering searches using TAIR10, 22,090 out of 48,363 (45.7%) PSMs corresponded to Nt-acetylated protein N termini (see [supplemental Table S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Given the positional information provided by protein N termini, we compiled protease-specific *in silico* libraries of Nt-peptides corresponding to all theoretical translation start sites residing in the genome ([Fig. 2](#F2){ref-type="fig"}). Thus, instead of searching full length protein sequences from a 6-FT of the genome, we drastically reduced the search space by only focusing on protein N termini. Integration of ribosome profiling and (Nt-) proteomic data in higher eukaryotes already pointed to translation starting from these codons ([@B8], [@B17][@B18]--[@B19]) and evidence for this type of alternative translation was previously also found in Arabidopsis ([@B43]). Therefore, we also included peptides to start from these near-cognate start codons, which are translated to iMet. Further, we performed *ab initio* gene prediction using the generalized hidden Markov model based software tool Augustus ([@B44], [@B45]). This extends the lists of putative ORFs, and thus protein Nt-peptides, by additionally considering Nt-peptides over-spanning a transcript splice site. For all ORFs, we extracted the "semi-digested" Nt-peptides (if compatible) according to the specificities of the proteases used. This resulted in four protease-specific peptide databases encompassing 1.7 to 3.4 million target Nt-peptides. For comparison, a semi-ArgC digested TAIR10 six-frame translated genome (start-to-stop translation, no missed cleavages) yields about 79 million such peptides. Similar as for the TAIR10 searches, a concatenated target-decoy database was used to enable FDR estimation.

![**Generation of customized Nt-peptide libraries.** A six-frame translation of the TAIR10 genome was performed by the EMBOSS getorf program ([@B42]) or subjected to *ab initio* gene prediction by Augustus 2.5.5 ([@B44], [@B45]). Resulting protein sequences were *in silico* digested by any of the four proteases used. Only Nt-peptides starting at position 1 or 2, considering the NME rule, were retained. Peptides matching the TAIR10 proteome or the cRAP database (common Repository of Adventitious Proteins, <http://www.thegpm.org/crap/>) were omitted. The resulting number of non-redundant target peptide sequences are shown for every protease.](zjw0061755670002){#F2}

#### Identification of Translation Initiation Sites Not Annotated in TAIR10

The TAIR10 unidentified MS/MS spectra were searched against the customized Nt-peptide databases. Here, we applied more stringent selection criteria than those used for the initial TAIR10 searches, by requiring a PSM to be identified by at least two out of three search engines. In total, 208 peptides (259 PSMs, FDR score ≤ 0.01, [Fig. 3](#F3){ref-type="fig"}) were identified of which 96 peptides (46.2%, 136 PSMs) were *in vivo* Nt-acetylated, 62 peptides (29.8%, 72 PSMs) were *in vitro* Nt-acetylated and 50 had a Nt-free N terminus (24%, 51 PSMs). We analyzed how these 158 novel blocked Nt-peptides matched the NME rules as predicted by Termi*N*ator3 ([@B46], [@B50]), which proved highly accurate for the TAIR10 Nt-peptides (99%, see above). Next to the requirement of *in vivo* or *in vitro* acetylation, NME specificity rules served as another filtering step to assess peptides reporting novel translation start sites. In total, 122 out of 158 Nt-peptides (77%, 169 out of 208 PSMs, [Fig. 3](#F3){ref-type="fig"}) matched the NME prediction by Termi*N*ator3. Detailed information of the 169 PSMs, such as identification score and NME prediction, is available in [supplemental Data Set S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1), whereas the annotated spectra are provided in [supplemental Data Set S2](http://www.mcponline.org/cgi/content/full/M116.066662/DC1). The 122 identified Nt-peptides correspond to 117 unique protein N termini pointing to possible unannotated TIS that are listed in Supplemental Data set 3. Note that for 5 TIS, two Nt-peptide sequences of different length were identified, which resulted from digestion by different proteases (see [supplemental Table S2](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). To further assess the reliability of the PSMs, the MS^2^PIP prediction server ([@B49]) was used to compute the correlation between theoretical and observed MS^2^ spectra for TAIR10 database annotated and novel Nt-peptides. The average distribution of the tryptic Nt-peptides was found to be in line with those reported in the original publication ([@B49]). Of note however lower correlations were observed in case of the nontryptic spectra ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)), (in part) explained by the fact that the available MS^2^PIP models are trained on tryptic data only. In total there were 65, novel Nt-peptides with a correlation higher than the median correlation observed for TAIR10 spectra, the latter considered high confident spectra ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)).

![**Peptide identifications pointing to novel TIS.** Of all identified novel peptides, solely Nt-modified peptides, *i.e. in vitro* or *in vivo* Nt-acetylated and NME compliant N termini were considered, resulting in a total of 122 novel Nt-peptides (169 PSMs; [supplemental Data Set S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). As additional support, MS^2^PIP Pearson correlations were computed, where high correlation indicates a correlation higher than the median correlation observed for spectra matching TAIR10 database annotated N termini ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)).](zjw0061755670003){#F3}

#### Newly Identified Protein N Termini Reveal Alternative Gene Model Structures

In proteogenomics, novel peptides can be organized in different types according to their relationship with existing gene models. Manual inspection of all 117 novel TIS locations (see "Location TAIR10" section in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)), indicated that 50 were located at intergenic regions ([Fig. 4](#F4){ref-type="fig"}*A*). The other TIS were intragenic, either (partly) overlapping with a TAIR10 protein-coding gene model (44 TIS, [Fig. 4](#F4){ref-type="fig"}*A*), a pseudogene (2 TIS, [Fig. 4](#F4){ref-type="fig"}*B*) or a transposable element gene (21 TIS, [Fig. 4](#F4){ref-type="fig"}*B*).

![**Positioning of new Nt-peptides in relation to TAIR10 protein-coding gene models (*A*), pseudogenes (*B*) or transposable elements (*C*).** Intergenic Nt-peptides, *i.e.* not overlapping with a TAIR10 transcript, are shown in green, whereas intragenic Nt-peptides are shown in red. The number of identified peptides as well as the N terminus of a peptide ('N′) are indicated, except for intergenic Nt-peptides.](zjw0061755670004){#F4}

The interpretation of novel TIS in relation to annotated protein-coding gene models ([Fig. 4](#F4){ref-type="fig"}*A*) can be complex, especially in eukaryotes when considering (alternatively) spliced transcripts. For instance, a TIS encoded upstream of a protein-coding gene could be an indicator of a novel upstream ORF (uORF), a novel exon or an in-frame extension of the first exon. In this regard, gene models predicted by Augustus during the peptide library construction give additional support. Of the 117 novel TIS, 27 (23%) correspond to a protein N terminus encoded by an Augustus predicted gene model ([supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1), see 'Gene model' section in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). The TIS not predicted by Augustus were used as extrinsic information, or hints, for another round of gene prediction by Augustus ([@B44], [@B45]). This resulted in an additional 32 Nt-peptides supported by at least one predicted Augustus gene model. Thus, in total, approximately half of the Nt-peptides (59 out of 117) matched to Augustus predicted gene models.

Next to Augustus gene predictions, we also considered the Araport11 annotation ([@B66]) hosted by the Arabidopsis Information Portal (<https://www.araport.org/>), which was released during manuscript writing. Araport11 is a completely new reannotation of the Arabidopsis genome based on RNA-seq experiments and contains, among others, several new splice variants of previously TAIR10 annotated proteins. Of all novel, non-TAIR10 annotated TIS, 17 corresponded to annotated protein start sites in Araport11 ([supplemental Table S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1), see Gene Model section [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). These 17 alternative gene models were also predicted by Augustus without (13 models) or with providing genomic coordinates of the identified Nt-peptides of our proteogenomic study as hints (4 models).

Both the Araport11 and Augustus gene models facilitated the interpretation of Nt-peptide or TIS locations, as demonstrated in [Fig. 5](#F5){ref-type="fig"}. For instance, the TAIR10 intergenic-located peptide "VRQQRASKVHE," suggests an in-frame extension of the first exon with a length of 104 amino acids matching a predicted Augustus gene model and 3 Araport11 protein-coding models ([Fig. 5](#F5){ref-type="fig"}*A*). Similarly, the Nt-peptide "SQDSNMFER" was located intergenically and upstream of a TAIR10 annotated protein ([Fig. 5](#F5){ref-type="fig"}*B*). However, the peptide is out-of-frame with the annotated protein, and instead of an in-frame extension, gene models point to the presence of a splice site, giving rise to a novel first exon of the TAIR10 protein. Unlike the previous peptides, "MEEGTGFSLGR" starts in an intronic region of a TAIR10 gene model, extending an annotated exon ([Fig. 5](#F5){ref-type="fig"}*C*). The Augustus gene model, predicted after providing hints, was identical to AT2G43140.1 of Araport11 and suggests an alternative start position which is in-frame and a few bp upstream of the TAIR10-annotated second exon of bHLH129. Lastly, the peptide "AHAQTTEGASQVVESVRF" spans a TAIR10-unannotated splice junction of NUCLEAR RNA POLYMERASE A1 ([Fig. 5](#F5){ref-type="fig"}*D*). Thus rather than a novel TIS, we found a novel Nt-peptide pointing to the use of a novel splice site predicted by Augustus.

![**Novel Nt-peptides matching Augustus predicted gene models and Araport11 annotations.** TAIR10, Augustus predicted and Araport11 annotated gene models in addition to the Nt-peptide sequences identified were loaded as tracks in the Integrative Genome Viewer (IGV; [@B55]). Nt-peptide identifications are shown that hint to the expression of Nt-protein extensions (*A--C*), originate from translation initiation at a novel upstream exon (*B*) an exon extension (*C*) and a newly identified exon-exon splicing event (*D*).](zjw0061755670005){#F5}

#### Complementary Evidence of Translation Initiation by Ribosome Footprinting

Next to the proteomic analysis performed, samples obtained from Arabidopsis cell cultures were used for ribosome footprinting (ribo-seq) to gain complementary evidence of translation initiation events identified by our proteogenomics approach. More specifically, we employed lactimidomycin (LTM) and cycloheximide (CHX) treatments to perform genome-wide identification of TIS ([@B16], [@B17]). We then used the PROTEOFORMER package ([@B8]) to call TIS sites on the predicted Augustus gene models. Evidence of translation initiation was found for 14 Nt-peptide supported TIS (see Ribo-seq section in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Two peptides, "ARVKDSSGEY" and "PLSYSSPSSSEERS," matched 7 and 2 gene models respectively, all located at transposable elements. One of the gene models matching PLSYSSPSSSEERS ([Fig. 6](#F6){ref-type="fig"}*A*) was proposed by Hanada *et al.* ([@B67]) to encode for a small ORF (sORF5540) with high coding potential. Besides, matching proteomic and ribo-seq evidence of protein synthesis was found in case of 5 other transposable elements ([supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). In addition, 7 Nt-protein extensions were found, which extend the first exon in-frame. The longest extension was found for the Augustus gene model g5353, with an extension up to 125 amino acids ([Fig. 6](#F6){ref-type="fig"}*B*, green rectangle) and containing a splice site over-spanned by the Nt-peptide "MNRIDEEPQIHE." Interestingly, this predicted protein-coding gene was not found in Araport11, despite having clear ribo-seq and proteomic evidence. Furthermore, an InterPro ([@B54]) sequence search reveals a Spt6 acidic Nt-domain (IPR028083) inside the extension ([supplemental Fig. S7](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). This matches the known annotation of the extended TAIR10 gene AT1G63210, which was described to be a SPT6-like homolog as it contains the conserved Interact-With-Spt6 binding domain but lacks the C-terminal extension with WG/GW repeats present in AtSPT6 ([@B68]).

![**Ribo-seq supported Augustus gene models with matching Nt-peptides.** Cycloheximide (CHX) and lactimidomycin (LTM) coverage are displayed according the mapped strand (green: forward strand, blue: reverse strand). TAIR10, Araport11 gene models, and the identified peptides were loaded as tracks in IGV ([@B55]). *A*, Translation evidence of an annotated transposable element. *B*, Augustus predicted protein extension indicative of a novel splice site (green rectangle). *C*, Alternative translation giving rise to an Nt-extension of SDF2. The cleavage site (CS) prediction by TargetP ([@B71], [@B72]) is indicated by a dotted line.](zjw0061755670006){#F6}

As our standard PROTEOFORMER pipeline relies on reference transcriptome mapping, only in the case of Augustus predicted TIS, ribo-seq matching TIS evidence could potentially be found. However, some novel Nt-peptides, for which no Augustus gene model was predicted, do appear to have matching ribo-seq data. One of them is the peptide "ASTSGQQQALSR," which is translated from a CUG start codon putatively giving rise to a 60 amino acid extension of STROMAL CELL-DERIVED FACTOR 2-LIKE PROTEIN PRECURSUR (SDF2; [Fig. 6](#F6){ref-type="fig"}*C*). This alternative upstream TIS shows higher LTM coverage than the annotated start and extends the CHX density, which is present from the TIS along the 5′ UTR toward the annotated start codon ([Fig. 6](#F6){ref-type="fig"}*C*). The SDF2 protein is part of a complex involved in the unfolded protein response in the endoplasmic reticulum ([@B69]) and was shown to be important for the proper accumulation of pathogen-associated molecular pattern receptors ([@B70]). The discovered 60 amino acid extension form is predicted by TargetP ([@B71], [@B72]) to contain a 35 amino acid long chloroplast targeting peptide (\> 90% specificity cut-off). Next to the Nt-protein extension of SDF2, manual inspection revealed translation initiation at an additional 8 TIS matched by novel Nt-peptides ([supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)).

#### Sequence Conservation of Translation Initiation Sites

Functional regions such as protein-coding sequences in the genome are typically conserved. We checked the conservation of the start codons and adjacent subsequences encoding the novel Nt-peptides by inspecting genome alignments of *Arabidopsis thaliana* to *Brassicaceae* species *Arabidopsis lyrata*and *Brassica rapa.* Of the 111 Nt-peptide sequences with a unique genomic location, 97 and 78 resided in *A. lyrata* and *B. rapa* genomic aligned regions respectively (see Sequence Conservation section in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Furthermore, for *A. lyrata*, 75 aligned sequences (77%) started with near-cognate or canonical start codons, whereas in *B. rapa*, this was the case for 46 sequences (59%). Taken together, 40 TIS were conserved in both *A. lyrata* and *B. rapa* aligned sequences. We further examined whether the sequence following the 40 conserved start codons maintained the potential to encode an orthologous Nt-peptide. *In silico* translation showed that for 28 aligned sequences (70%) such an orthologous peptide, similar to our identified Nt-peptide, is encoded ([supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). This was for instance the case for the Nt-peptide "MDTSLLLPIIDLSSPEKISTTQLIR," a 25 amino acid-long peptide almost spanning the entire length of an exon predicted using extrinsic information (26 amino acids, [Fig. 7](#F7){ref-type="fig"}). This novel predicted exon was highly conserved in *A. lyrata* and *B. rapa* only undergoing minor nucleotide and amino acid changes (indicated in red). Manual inspection shows accompanying CHX coverage and to a minor extent LTM coverage coinciding with the Nt-peptide. When considering the set of 28 conserved TIS, 10 had supporting ribo-seq coverage ([supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)).

![**Sequence conservation of start codon and novel Nt-peptide mapping an upstream exon of the gene encoding 2OG and Fe(II)-dependent oxygenase (AT4G16765).** Cycloheximide (CHX) and lactimidomycin (LTM) coverage are displayed for the reverse strand (blue). TAIR10, Araport11 gene models, and the identified peptides are loaded as tracks in IGV ([@B55]). The genomic sequence alignment (*A. thaliana versus A. lyrata,* and *B. rapa*, EnsemblPlants release 33) of the first exon is displayed, the start codons were printed in bold. Translation of aligned sequences to amino acids of which the iMet are indicated in bold. Non-identical nucleotides or amino acids were displayed in red.](zjw0061755670007){#F7}

Typically, efficient translation initiation requires the start codon to be embedded in a specific sequence context known as the KOZAK motif ([@B73], [@B74]). Highly efficient TIS typically contain an ATG start codon and a purine at the −3 and G at the +4 nucleotide positions ([@B73], [@B74]). A translation efficiency study in Arabidopsis suggests that adenine residues in nucleotide positions −1 to −5 favor translation initiation ([@B75]). When constructing a frequency plot of nucleotide positions −5 till +4 for all TAIR10 transcripts ([Fig. 8](#F8){ref-type="fig"}*A*) and the novel Nt-peptides ([Fig. 8](#F8){ref-type="fig"}*B*), A-residues are prominent in nucleotide positions −1 to −5 and purines (A/G) in position +4. Regarding the start codon distribution of the novel Nt-peptides, 25% were initiated from a near-cognate start codon. To more efficiently score the TIS context conservation of our novel Nt-peptides, we used a sequence context scoring method as described by Grzegorski *et al.* ([@B57]). For a given TIS context, the TAIR10 nucleotide frequencies of positions −1 to −5 and +4 were summed up to define a sequence context score. For instance, the most frequent, and thus highest scoring, TIS context sequence was "AAAAAATGG," giving rise to a score of 266 (= 33 + 45 + 49 + 42 + 43 + 54). When applying this scoring formula to the 111 novel Nt-peptide supported TIS (see KOZAK Sequence section in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)), with a unique genomic location, a score distribution relatively lower than the TAIR10 transcripts was observed (median score of 164 compared with 188, [Fig. 8](#F8){ref-type="fig"}*A*--[8](#F8){ref-type="fig"}*B*). However, when considering only the 28 conserved TIS (*i.e.* a conserved start codon and N-terminal peptide coding capacity in *Brassicaceae* (see above)), a score distribution comparable to TAIR10 transcripts was observed (median score of 191 compared with 188, [Fig. 8](#F8){ref-type="fig"}*C*), suggesting that conserved novel TIS contexts are likely embedded in more translational efficient TIS context like TAIR10 TIS contexts. An observation which is at least partly attributable to an elevated frequency of guanine residues at position +4 (57% compared with 33%) and higher frequencies of adenosine residues at positions −4 to −1.

![**TIS context sequence frequency and scoring.** Nucleotide frequency plots of the TIS sequence context (positions −5 to +4) of (*A*) all TAIR10 transcripts (28,784 nonredundant TIS), *B*, the novel Nt-peptides (111 TIS) and (*C*) Nt-peptides conserved in *Brassicaceae* (28 TIS). Nucleotide frequency matrices and plots were displayed (left), as well as boxplots showing the nucleotide context score distribution for the respective TIS.](zjw0061755670008){#F8}

#### Comparison with Other Protein-level Annotation Resources

We here used TAIR10 as the reference proteome as it is the standard annotation for Arabidopsis protein research. In addition, we consulted other databases such as the UniProt knowledge base (UniProtKB, <http://www.uniprot.org/>, [@B51]) and Entrez Protein, part of the National Center for Biotechnology Information (NCBI) database (<https://www.ncbi.nlm.nih.gov/protein>). Next to manually curated protein entries (Swiss-Prot ([@B52]) for UniProtKB and RefSeq ([@B76]) for NCBI), both resources contain computationally annotated protein sequences. Both resources were used to search for additional evidence for our novel Nt-peptides, and thus to possibly provide additional proof for their existence. In total, 33 Nt-peptide supported TIS matched Entrez Protein entries, of which 25 were also present in UniProt/TrEMBL (see Gene Model section in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). All 33 Nt-peptides had an Augustus predicted gene model and for 18 translational evidence was obtained by ribo-seq ([Table II](#TII){ref-type="table"}). We further considered how TIS sequence conservation related to the other meta-data at hand. To this end, we selected the 28 TIS that were conserved in *Brassicaceae* ([Fig. 8](#F8){ref-type="fig"}*C*, [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Interestingly, 12 conserved TIS had no Augustus predicted model and one of them had matching ribo-seq evidence ([Table II](#TII){ref-type="table"}), among which the Nt-peptide "ASTSGQQQALSR" ([Fig. 6](#F6){ref-type="fig"}*C*). Also note that high MS^2^PIP correlations typically corresponded to Nt-peptides with matching meta-data, indicating its value to gain additional confidence in proteogenomic analysis. Further inspection of the Nt-peptides and accompanying meta-data is available in [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1).

###### Matching support for the 117 novel TIS. For 59 Nt-peptides a corresponding gene model was predicted by Augustus ([@B44], [@B45]) either with (32 TIS, "+ hints") or without (27 TIS, "ab initio") extrinsic information. In addition, 33 TIS matched an entry from Protein Entrez (<https://www.ncbi.nlm.nih.gov/protein>) or TrEMBL ([@B52]), of which 17 were annotated in Araport11 (<http://www.araport.org/>; [@B66]). Further, 28 TIS were evolutionary conserved in Brassicaceae species. For 65 Nt-peptides, a high MS^2^PIP correlation was observed for at least 1 PSM ([supplemental Fig. S6](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Lastly, ribo-seq evidence was found for 23 Nt-peptide supported TIS (marked bright-green). Corresponding meta-data can be found in the [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)
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DISCUSSION
==========

Our previous N-terminomics studies revealed a frequent occurrence of alternative translation initiation events in human, mouse and yeast among others ([@B18], [@B19], [@B21], [@B77], [@B78]). To enable the detection of database non-annotated TIS, we performed a proteogenomic analysis tailored for N-terminomics data. Using a multistage search strategy, TAIR10 unidentified MS/MS spectra were searched against a peptide library encompassing all theoretical Nt-peptides starting from canonical and near-cognate start codons ([Fig. 2](#F2){ref-type="fig"}). This yielded 117 novel TIS identifications from Nt-peptides fulfilling NME enzymatic rules ([Fig. 3](#F3){ref-type="fig"}). More than half (73/117, 62.3%) of all non-annotated N termini identified had supportive meta-data obtained by means of ribo-seq, TIS conservation analysis and non-TAIR10 transcript and protein resources ([Table II](#TII){ref-type="table"}).

Central to our analysis was the creation of a genome-derived Nt-library, encompassing all six-frame translated or *ab initio* predicted protein N termini ([Fig. 2](#F2){ref-type="fig"}, [supplemental Fig. S2](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Prediction was done by Augustus ([@B44], [@B45]) and allowed the addition of possible N termini over-spanning transcript splice sites. As nearly half (46%) of the TAIR10-matched spectra reported peptides at the protein N terminus (position 1 or 2; [supplemental Table S1](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)), such positional restriction is justified and offers a drastic reduction in search size from which the sensitivity and the specificity of detecting novel peptides/proteins benefit ([@B2], [@B30]). A limitation of using such a library is that spectra matching downstream Nt-peptides and thus potential proxies of downstream translation initiation events (after position 2; *i.e.* Nt-truncated proteoforms) are ignored. However, this would require a customized protein sequence database with a semienzymatic specificity that would cause a drastic increase of peptide search space ([@B79]; [supplemental Fig. S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)), making a genome-wide exploration too exhaustive. Customized Nt-peptide databases were previously used to match shotgun spectra in *Drosophila melanogaster* and yeast proteome samples ([@B80]). Here, Nt-peptides derived from a three-frame translation 100 bp downstream from annotated protein starts were appended to the reference proteome to identify novel downstream translation start sites. In addition, also neo-Nt-peptides originating from processing during subcellular targeting were considered. However, the analysis mainly focused on the presence of truncated forms because of alternative translation initiation and proteolytic events, as for instance Nt-extensions and translation products of novel genes remained unexplored. Furthermore, novel events were filtered with a global FDR and lacked a subset FDR in case of novel peptides, a requirement which has been put forward as a minimal guideline ([@B2]). Nevertheless, it is well demonstrated that a large fraction (22%) of unannotated protein start sites is evident in Drosophila ([@B80]), an observation in line with our previous N-terminomics studies in yeast, human and mouse ([@B19][@B20]--[@B21], [@B77], [@B78]).

In the plant research community, TAIR genome annotation is most widely used. For instance, when inspecting 110 Arabidopsis proteomic data sets available in the PRIDE repository ([@B40]) for which a searched protein database could be retrieved, 89% of the data sets (98 accessions) used TAIR annotation, whereas the remainder used UniProt protein databases. In addition, a previous N-terminomics study pointed to an increased identification rate when searching TAIR10 as compared with previous releases of UniProt/Swiss-Prot ([@B81]), as TAIR10 was found to be far more comprehensive. Of the 117 novel Nt-peptide supported TIS identified by our proteogenomic approach, about half (67/117, 57%) overlapped with existing TAIR10 gene models, even though such intragenic peptides only represent a small fraction in the customized peptide libraries; *i.e.* 1.2% of the trypsin Nt-peptide library (19,746 of 1,732,969 entries). To help with the interpretation of the novel Nt-peptides about existing gene models, Augustus ([@B44], [@B45]) gene predictions proved very resourceful. In total, 59 Augustus gene models with a matching Nt-peptide were present, of which 27 without extrinsic information and 32 after providing the genomic coordinates of identified Nt-peptides as hints. Next to gene prediction, we considered a recent complete re-annotation of the *Arabidopsis thaliana* genome, Araport11, based on the analysis of 113 tissue-specific RNA-Seq data sets ([@B66]). In total, 17 Nt-peptides matched such Araport11 protein-coding gene models, often representing new splice variants missing in TAIR10. Further manual inspection demonstrated various alternative proteoforms such as; Nt-extensions encoded by the first exon ([Fig. 5](#F5){ref-type="fig"}*A*), novel upstream exons ([Fig. 5](#F5){ref-type="fig"}*B*), start and an extension of the second exon ([Fig. 5](#F5){ref-type="fig"}*C*) and alternative or wrongly annotated splicing events ([Fig. 5](#F5){ref-type="fig"}*D*). Note that such splice site over-spanning Nt-peptides would be missed if solely searching a 6-FT database, though could potentially be identified by including Augustus *ab initio* gene predictions ([Fig. 2](#F2){ref-type="fig"}).

In contrast to our previous studies integrating ribo-seq and N-terminomics data ([@B19][@B20]--[@B21], [@B77]), the customized database was based on 6-FT genome translation and *ab initio* gene prediction. Thus, ribosome profiling data served as *a posteriori* confirmation of our proteogenomic identifications. In total, there was translational evidence supporting 23 protein starts, including translation of transposable elements, protein Nt-extensions and the presence of novel exons ([Fig. 6](#F6){ref-type="fig"}, [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Based on the prediction of domain structures, some of these confirmed extensions could reveal direct functional evidence. Increased protein-level support for the novel Nt-peptides increased the proportion of ribo-seq validated TIS ([Table II](#TII){ref-type="table"}). For instance, 18 out of 33 Nt-peptides (55%) matching Protein Entrez entries had ribo-seq coverage, whereas for Araport11 matching Nt-peptides, this was 10 out of 17 (59%; [Table II](#TII){ref-type="table"}). Note that also in a four cases, ribo-seq evidence was found for Nt-peptides without a predicted gene model. For instance, we observed translation from the near-cognate start codon 'GUG' upstream of the SDF2 protein ([Fig. 6](#F6){ref-type="fig"}*C*). Furthermore, it was evolutionary conserved in *Brassicaceae* and had a favorable TIS nucleotide context (score 195, [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Next to SDF2, an alternative start was also found for NUCLEOSOME ASSEMBLY PROTEIN1 from the near-cognate start codon CUG, otherwise giving rise to Leu in the TAIR10 annotated protein. Note that standard TIS identification based on ribosome profiling data requires matching transcript annotation, meaning that such TIS would remain unnoticed ([@B8]).

Proteogenomics is an emerging research field yet lacking a uniform method of analysis and with various strategies having their unique strengths and weaknesses ([@B15], [@B82]). Here, we demonstrate some unique strengths and opportunities using Nt-proteomics data for proteogenomics. Next to applying a FDR threshold, additional filtering criteria next to available meta-data can be used to prioritize novel N termini. Similar to the TAIR10 annotated search results, the majority of novel peptides were *in vivo*/*in vitro* labeled by an acetyl group (158 out of 208 peptides). Besides this, other protein Nt-modifications such as NME, predicted by tools such as Termi*N*ator3 ([@B46], [@B50]), serve as other effective filters to discriminate true positives viewing the \> 99% prediction accuracy of NME in previous ([@B65]) and our TAIR10 search results. Initially, the predictive tool was already shown to achieve an accuracy of more than 95% for Arabidopsis experimental data ([@B50]). In total, 77% (122/158) of the Nt-peptides fulfilled the NME specificity rules, a number lower than that of the initial TAIR10 searches, again highlighting the challenge to discriminate true positives in proteogenomic analysis ([@B2]). Next to interesting features for data interpretation and analysis, Nt-proteomics is also interesting for the detection of low abundant proteins. Nt-COFRADIC for instance, leads to less complex peptide mixtures to be analyzed, which are further analyzed over several LC-MS/MS runs ([@B32], [@B60]). Thus, at the expense of increased LC-MS/MS time, this will facilitate the detection of low abundant proteins or modified forms thereof.

Also at a nucleotide level, Nt-data provides specific analysis opportunities. Non-annotated downstream 'AUG' start codons were demonstrated before to be under negative selection ([@B83]). When consulting genome alignments of *A. thaliana* to *A. lyrata* and *B. rapa*, 40 TIS were shown to maintain a canonical or near-cognate start codon in both *Brassicaceae* species. Furthermore, 28 TIS had the capacity to encode an orthologous Nt-peptide, such as in the case of the N-terminal extension for a 2-oxoglutarate and Fe(II)-dependent oxygenase ([Fig. 7](#F7){ref-type="fig"}). Next to conservation analysis, the TIS nucleotide context was also investigated as this is an important determinant for the efficiency of translation initiation ([@B73][@B74]--[@B75]). Adenine residues were prevalent in the 5 nucleotides preceding the start codons of novel Nt-peptides ([Fig. 8](#F8){ref-type="fig"}), a feature shown to promote efficient translation initiation ([@B75]). Using a TIS context scoring method ([@B57]), we demonstrated that the 28 conserved TIS scored similarly as the annotated TAIR10 transcripts ([Fig. 8](#F8){ref-type="fig"}). Of these 28 evolutionary-conserved TIS, 19 had additional supportive meta-data, of which 9 ribo-seq evidence ([Table II](#TII){ref-type="table"}). This suggests that TIS context conservation can aid in prioritizing novel Nt-peptides.

To improve the number of peptide identifications, we combined the results of three search engines; COMET ([@B36]), Crux ([@B37]), and MS-GF+ ([@B38]). Despite the availability of several tools to combine search results ([@B84]), aggregating results from database searches using semi-specific protease settings with user-specified Nt-modifications proved to be a difficult task and is sometimes limited to individual search algorithms. Therefore, we implemented the FDR score algorithm described by Jones *et al.*, which uses the FDR as a search engine-independent scoring system ([@B40]). Note that the FDR score was used before in a proteogenomic study to combine results of two customized database searches ([@B30]). Of the search tools themselves, MS-GF+ performed best ([Fig. 3](#F3){ref-type="fig"}), which was anticipated given its applicability to diverse types of spectral data and experimental protocols ([@B38]) and its earlier reported performance on Nt proteome data ([@B85], [@B86]). The fact that the customized database search was performed on TAIR10 unidentified spectra, caused the FDR to be estimated on the subset of novel Nt-peptides. Note that when applying a less stringent global FDR, considerably more identified peptides would be retrieved. In comparison to the TAIR10 searches, more stringent selection criteria were used for novel peptides by requiring peptides to be identified by at least two search engines. As an additional confidence measure, the correlation between theoretical and observed spectra, for TAIR10 and novel peptides, were computed by the MS^2^PIP server ([@B49]). Inspecting the novel peptides with a higher or equal correlation than the median correlation of TAIR10 spectra learns this to be a valuable threshold. For instance only for two of the resulting 65 MS^2^PIP supported spectra, no additional metadata was found. Furthermore, 18 out of 23 ribo-seq (78%) supported TIS had a corresponding PSM with high Pearson correlation ([Table II](#TII){ref-type="table"}, [supplemental Data Set S3](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)). Taken together, this suggests MS^2^PIP prediction to be a useful additional asset for confidence estimation of proteogenomic peptides.

Finally, to test the performance of our proteogenomic approach for unannotated species, we performed an *ab initio* MS/MS search, assuming we only have the genome sequence of Arabidopsis available. We used MS-GF+ to search all MS/MS spectra derived from the trypsin-digested proteome ([Fig. 1](#F1){ref-type="fig"}*A*) against 1.2 million full-length Nt-peptides resulting from the 6-FT from canonical start codons with a minimal ORF length of 8 amino acids. Unlike our proteogenomic peptide libraries, we did not exclude peptide sequences matching TAIR10 proteins that were otherwise filtered out ([Fig. 2](#F2){ref-type="fig"}). This is important as it allows us to assess the recovery of TAIR10 protein sequences. In total, 2368 peptides were identified (peptide Q-value \< 0.5%, [supplemental Fig. S8](http://www.mcponline.org/cgi/content/full/M116.066662/DC1)) of which 1653 (70%) matched a TAIR10 protein start (position 1 or 2). In comparison, this represents up to 61% of protein starts identified in a TAIR10 semi-digested search (MS-GF+, peptide Q-value \< 0.5%). In addition, 272 (11%) peptides were not identified using TAIR10 as database search space. Of these, 24 (8.8%) peptides were present in the Protein Entrez database and some had complementary ribo-seq evidence as described earlier. Thus, in total ∼90% of all *ab initio* identified peptides successfully recovered the database annotated N termini of TAIR10 proteins. Although we do not advise such search to replace routine searches for well-annotated species, it could serve as a valuable starting point for proteome characterization in unannotated species. Similarly, ribosome profiling represents a powerful and complementary approach to improve genome annotation ([@B87]) with both techniques serving as direct sources of protein synthesis evidence for unannotated organisms.

DATA AVAILABILITY
=================

All mass spectrometry proteomics data and search results have been deposited to the ProteomeXchange Consortium via the PRIDE (41) partner repository with the data set identifier PXD004896 and project name "N-terminomics Proteogenomics" (<http://www.ebi.ac.uk/pride/archive/projects/PXD004896>). Ribo-seq sequencing data have been deposited in NCBI\'s Gene Expression Omnibus and are accessible through GEO Series accession [GSE88790](GSE88790) (<https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE88790>).
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